Exercise-induced hyperketonemia was investigated using streptozotocin (STZ)-diabetic rats subjected to running exercise on a treadmill. The degrees of hyperketonemia after 50, 55 and 60% Vo2max of exercises were similar in mild diabetic rats (fasting plasma glucose; FPG < 11mM). The degree of hyperketonemia (especially an increase in acetoacetate; AcAc) after 60% VO2max of exercise was correlated with FPG (P <0.01) and basal plasma ketone bodies (P <0.01). Prolonged training with 60% Vo2max of exercise for 30 min 3 times per week for 6 wks reduced the increase in plasma ketone bodies induced by the exercise in both mild (FPG < 11mM) and severe (FPG>22 mM) diabetic rats. The exercise-induced increase in plasma glucagon in mild diabetic rats and free fatty acids (FFA) in severe diabetic rats are also reduced by the training.
A moderate hyperketonemia is sometimes found in poorly controlled diabetic patients. This is largely ascribed to the exaggerated hepatic ketogenesis mainly due to a decreased insulin/glucagon molar ratio . In these patients, exercise further elevates the plasma ketone body level, while the exercise therapy is accepted as a important tool for glycemic control in diabetic patients (Berger et al., 1977) . Also in normal subjects, prolonged exercise induces moderate hyperketonemia (Corbett et al., 1969; Fery and Balasse, 1986; Johnson et al., 1969; Wahren et al., 1984) . However, this hyperketonemia is reduced by long-term exercise training (Corbett et al., 1969; Johnson and Walton, 1972; Johnson et al., 1969) . Similar results also appear in normal rats (submitted for publication) .
These observations might suggest that long-term exercise training reduces exercise-induced hyperketonemia also in diabetic patients.
But no study concerning this hypothesis has been reported heretofore. Therefore, using STZ-induced diabetic rats, this study was designed to investigate 1) the relationship between the intensity of exercise and the degree of exercise-induced hyperketonemia, 2) the relationship between the severity of diabetes mellitus (DM) and the degree of exercise-induced hyperketonemia, and 3) the effects of training on exercise-induced hyperketonemia. induced changes in the plasma AcAc, 3-OHB and TKB levels similar to those with 5m/min of exercise ( Fig. 1) .
As shown by the dotted lines in Fig.1 , the plasma AcAc, 3-OHB and TKB concentrations in the sedentary control group were gradually increased. Significant rises in 3-OHB and TKB levels continued from 30 min after the start of the experiment (P<0.05), but these rises were very slight as compared with those of the exercise groups. group were significantly smaller than those in the untrained group (P < 0.05 or P <0.01) (Fig. 5-A) . Thus, the sum of the net increases in TKB through the experimental There was also a significant rise in the plasma FFA level in both the untrained and trained groups of mild DM rats (P< 0.05, Fig. 6-A) . However, the sum of the net increase in FFA in the two groups was not significantly different ( Table 2 ). The plasma levels of glucose and IRI did not change significantly during the experimental period r in either group (Fig. 6-A) . In the untrained group, the plasma IRG level tended to rise at the end of exercise and then decreased 60min after the exercise. But in the trained group, the IRG level was not increased at the end of exercise and it was lower than that in the untrained group throughout the experiment (Fig.  6-A) .
In the severe DM rats, the basal plasma 3-OHB in the trained group was significantly lower than it was in the untrained group (Fig. 5-B , P < 0.05) and the levels of AcAc, TKB, glucose and IRG also tended to be lower than they were in the untrained group (Fig. 5-B and 6-B) . 6-B) . The plasma glucose was signiafter the exercise (P<0.05 or P<0.01) in both the trained and untrained groups (Fig. 6-B) . But the degree of decrease in the groups was not significantly different. The plasma IRI was very low in severe DM rats and did not change during the experiment in either the trained or the untrained groups (Fig. 6-B) . The plasma IRG was significantly decreased just after and 60min after the exercise (P< 0.01) in the untrained group. A similar tendency also appeared in the trained group. But the IRG levels in the two groups
were not signi-
Discussion
There has been no previous report referring to be relationship between exercise intensity and the degree of exercise-induced hyperketonemia in diabetes mellitus. At difference in moderate-intensity exercises (treadmill speeds of 5 m/min, 10 m/min and 15 m/min corresponding to intensities of 50% Vo2max, 55% Vo2max and 60% Vo2max , respectively (Abe et al., 1986) ), since such moderate intensity exercises are recommended for diabetic patients. Probably becaus of the small differences in the exercise intensities, the degrees of hyperketonemia after such different exercises were unexpectedly not different among the groups (Fig .  1) . But in normal rats (report submitted for publication), the degree of hyperketonemia was increased more by the higher intensity exercise (the treadmill speed of 30 m/min) than at the speed of 15m/min. It has been demonstrated that an anaerobic threshold (AT) level appears at 55-65% VO2max in normal subjects (Davis et al., 1976; Davis et al., 1982; Robinson and Sucec, 1980) . Thus, the 30m/min of exercise corresponding to 75% VO2m ax (Abe et al., 1986 ) may be beyond the AT level in our normal rat study. So the larger difference in intensity of exercise should produce the different degree of hyperketonemia also in diabetic rats.
Secondly, in this study, we clearly demonstrated that the degree of increase in plasma ketone body after the moderate exercise (15m/min) was correlated with the FPG level and the basal plasma ketone body level (Fig. 3 and 4) . Sato et al. 1983) In the present study, both untrained and trained rats were subjected to running at the same absolute intensity after 6 wks of training period. Therefore, the relative intensity of exercise for trained rats seemed to be lower than that for untrained rats. However, to evaluate the relative intensity of exercise especially in untrained rats is very difficult (Shepherd and Gollnick, 1976) . Furthermore, as shown in Fig. 1 , the degree of hyperketonemia was the same after 50, 55 and 60% Vo2max of exercise. In the literature, Gyntelberg et al. (1977) demonstrated in their human study that the increase in plasma glucagon in response to exercise was reduced after 10 wks of training, and that this effect was evident not only in an exercise at the same absolute intensity but also at the same relative intensity. Therefore, we designed a protocol to evaluate the training effects on ketone body metabolism at the same absolute exercise intensity in both trained and untrained rats, and we believe that the results obtained from the present study does not ascribe to the decrease in relative intensity of exercise.
In untrained severe DM rats, plasma AcAc increased markedly after the exercise (Fig.5-B) .
This result does not seem to be consistent with the general concept that augmentation of hepatic ketogenesis causes an increase in the 3-OHB/AcAc ratio due to an increased NADH/NAD+ ratio in the mitochondria in hepatocytes (Sato et al., 1983) . However, our previous study (Okuda et al., 1986) demonstrated that both the basal AcAc output and the growth hormonestimulated AcAc production from perfused rat liver were larger than those of 3-OHB. This observation supports the possibility that AcAc production is dominantly increased by exercise in severe DM rats. In addition, hyperketonemia in the diabetic state is caused not only by increased hepatic ketogenesis but also by some reduction of ketone body utilization in peripheral tissues (Sherwin et al., 1976) . Ruderman et al. (1974) demonstrated that the AcAc uptake by perfused hindlimb muscle in diabetic ketoacidosis rats was diminished by 50% compared with 48-h fasted normal rats. Furthermore, Fery et al. (1987) recently suggested that the hyperketonemic effect of prolonged exercise in ketotic diabetic patients does not result from exaggerated ketogenesis, but from some removal defect. Thus, the fact that plasma AcAc was dominantly increased by exercise in severe DM rats may be due to increased AcAc production and reduced AcAc utilization.
As shown in Fig. 5 -B, the exercise-induced increase in plasma AcAc was more noticeably reduced than 3-OHB by 6 wks of training in severe DM rats. The training also reduced the exercise-induced increase in plasma FFA, whereas there was no definite effect of training on plasma IRG (Fig. 6-B) . These results suggest that the training effect on exercise-induced hyperketonemia in severe DM rats may be caused mainly by the reduction of hepatic ketogenesis (dominantly AcAc) due to the decreased supply of FFA from the adipose tissue to the liver, which is regulated by norepinephrine (Schade and Eaton, 1979; Keller et al., 1984) and epinephrine (Weiss et al., 1984) . These catecholamine responses to exercise are lower in the trained subjects than in the untrained subjects (Koivisto et al., 1982 ; Peronnet et al., 1981) .
In severe DM rats, as mentioned above, the exercise-induced increase in plasma AcAc was more clearly reduced than 3-OHB by 6 wks of training (Fig. 5-B) . This result suggests that a defect in AcAc utilization by peripheral tissues may be attenuated also by prolonged exercise training in severe DM rats.
In summary, it has been elucidated that 1) the degrees of hyperketonemia after three different intensity of moderate exercises (50, mild DM rats. 2) the degree of hyperketonemia (especially an increase in AcAc) after 60% Vo2max of exercise is correlated with the FPG and the basal plasma ketone body levels. 3) the exercise-induced increases in the plasma ketone bodies and glucagon are reduced by prolonged training in mild DM rats. 4) the exercise-induced increase in the plasma ketone bodies (especially AcAc) and FFA are reduced by prolonged training in severe DM rats.
These results show that exercise-induced hyper-AcAc-emia correlated with the fasting plasma glucose level is reduced by prolonged training in diabetic rats and these training effects may be caused by both the reduction of hepatic ketogenesis and the amelioration of defect of ketone body utilization in peripheral tissues. The present study might suggest that exercise-induced hyperketonemia is reduced by long-term exercise training in diabetic patients. However, further investigations concerning the intensity and duration of exercise are necessary for application of the exercise therapy, especially to severe diabetic patients.
